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RESEARCH MEMORANDUM 

ANALYTICAL STORY OF THE COMPARATIVE PITCH-UP 

BEHAVIOR OF SEVERAL AIRPLANES AND 

CORRELATION WITH PILOT OPINION 

By Melvin Sadoff, John D. Stewart, 
and George E. Cooper 

SUMMARY 


The method of NACA RM A55D06 was used In an analytical study of the 
comparative pitch-up behavior of six Jet-pcwered swept -wing airplanes. 
The effects of several important variables, including recovery control 
rate, entry rate, and altitude are assessed. 

Also presented is a correlation with pilot opinion of the computed 
pitch-up characteristics for the six airplanes which had pitch -up 
behaviors ranging from mild to severe. 


INTRODUCTION 


One of the important problems encountered in the design of swept - 
wing airplanes is that of insuring that the pitching moments do not 
exhibit destabilizing tendencies with angle of attack throughout the 
transonic Mach number range. Since available data for most current swept - 
wing airplanes do exhibit destabilizing tendencies in varying degrees, 
it is evident that this problem has not been satisfactorily resolved. 

Pitch -up tendency has increased the possibility of inadvertently exceeding 
the design wing and tail loads. It also has either limited controlled 
maneuvering to load factors below the pitch -up boundary or resulted in 
a significant reduction in controllability. It appears desirable, there- 
fore, to have some method for predicting the airplane motions and the 
associated pilot opinion from wind-tunnel data. 
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In one of the first analytical studies relating to the pitch -up 
problem (ref.l), a method was derived for studying same of the factors 
affecting pitch-up behavior, such as the shape of the pitching -moment 
curve, control motion, dynamic pressure, airplane inertia in pitch, and 
varying aerodynamic characteristics with Mach number. However, since the 
control inputs used in this previous work did not include the effect of 
airplane motion feedback on pilot response, the method was not considered 
generally applicable to the present study, therefore, a suitable evalu- 
ation maneuver was developed using a ground, pitch -up simulator with 
experienced test pilots as operators. Detailed results of this study are 
reported in reference 2. 

As an extension of the work presented in reference 2, the method was 
applied to six swept -wing airplanes for which pilot opinion was well docu- 
mented. The analytical results obtained are used herein to illustrate how 
wind-t unn el data may be used to predict the pitching motions and the com- 
parative pitch-up b ehav ior of new airplane designs or to assess the effects 
of modifications on existing airplanes. The results are also correlated 
with pilot opinion in an attempt to determine the significant factors that 
influence a pilot's over-all opinion of pitch -up. 


DESCRIPTION Off AIRPLANES 


Six jet -powered swept -wing airplanes, with sweep angles ranging from 
35° to 45°, were included in this study. Five of the airplanes studied 
were fighter types and one was a bomber. Two-view drawings of these air- 
planes and their pertinent physical characteristics are presented in fig- 
ure 1 and table 1, respectively. One airplane, the F-86A, was tested both 
in the production configuration and with a wing modification comprised of 
blunt trailing-edge ailerons which is described in reference 3. 


METHOD 

Evaluation Maneuver 


The evaluation maneuver used to obtain the basic time history data 
of this report is the same as that used in reference 2. In this reference 
a method was introduced for analytically studying the pitch -up behavior 
of an airplane by computing certain critical response quantities for an 
assumed standard control movement by the pilot. This prescribed ev alua tion 
maneuver, or pilot behavior, was based on a study of pilot reaction times 
and pitching-acceleration threshold characteristics determined from tests 
in a modified Link trainer. In this maneuver the pilot is assumed first 
to apply nose-up longitudinal control at one of several constant rates, 
corresponding to entry rates into the pitch -up region, of 0.2, 0.5, 
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nnfl l.Og per second. The onset of pitch-up is assumed to he detected by 
the pilot when the pitching -acceleration response exceeds the pilot's 
threshold level 1 of 0.15 radian per second per second above the steady- 
state value. During the pilot's response time of 0A second he continues 
to apply nose-up control at the initial rate. He then applies corrective 
control at one of several constant rates from 0° per second to the maximum 
assumed for each case. At the higher recovery control rates, it was 
assumed the stick was moved to the forward stop, then held fixed. A repre- 
sentative time history of this evaluation maneuver, as applied to one of 
the airplanes studied, is shown in figure 2. 

It was found necessary to modify the evaluation maneuver slightly 
for configurations with a pitch -up so mild the pitching acceleration did 
not attain the threshold value. For the B A7 airplane it was arbitrarily 
assumed that corrective control was applied at the time the peak pitching 
acceleration was reached. The threshold value of pitching acceleration, 
therefore, was that existing 0 A second prior to the application of 
corrective control. 

The control inputs used in this study were established for two alti- 
tudes for each airplane considered. The upper altitude, 35*000 feet, was 
selected to correspond to that at which most of the stability tests were 
performed on these airplanes in flight and where most of the documented 
pilot opinion was obtained. The lower altitude chosen was that at which 
the pitch-up region (defined herein as the angle of attack at which the 
local Onoo, is zero or a minimum) was just penetrated in a 6g (An - 5g) 
maneuver for the fighter airplanes. For the B AT bomber, a lower entry 
value of 3g (An * 2g) was chosen. For reference, the nominal design load 
factors are T*33g for the fighters and 3.5g for the bomber airplane. 

Since flight experience indicated that the pitch-up was generally 
most severe at a Mach number of about 0.90 for the transonic fighters 
studied, computations were made for this speed. For the bomber, speed 
limitations dictated a somewhat lower Mach number (0.80) for the 
computations . 


Computation Procedure 


For this study, a constant speed maneuver for a rigid airplane in 
quasi -steady flow is assumed. The longitudinal equations of motion for 
excursions from steady-state (n = l.Og) flight may be then written as 


lit should be recognized that pitching accelerations which exceed 
this threshold level during the initial transient phase of the maneuver 
are disregarded, since the pilot would associate these values with his 
control input rather than pitch-up. 
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-mv(0-a) - AZ(ct)+Z$A6 


( 1 ) 


Iy© = AM(a)4JMg<^M§e+lfeA3 


( 2 ) 


A Reeves Analog Computer was used to obtain solutions to equations (l) 
and (2) for the lo n gitud inal control inputs established by the method out- 
lined in the preceding section. Die nonlin ear functions AZ(a) and AM(cx) 
were obtained in coefficient form from figure 3* Other important dimen- 
sional and aerodynamic data are presented in tables I and HZ, respectively. 

It should be noted that the values of M^, Mg, Mg, and Zg were assumed 
invariant over the angle-of -attack range, since data were not available 
to define the variations of these quantities with angle of attack. 

It will be noted in figure 3 that the unmodified F-86A and the F-86F 
airplanes, which are almost identical dimensionally, have pit ching -morn^n t 
curves which differ considerably. It is believed most of this apparent 
discrepancy is due to differences in wing leading-edge configuration. 

The F-86A wing has a slatted leading edge, while the F-86F considered in 
the present analysis has the solid 6-3 leading-edge modification, which 
consists of an extension of the wing leading edge 6 inches at the root 
and 3 Inches at the tip. Another secondary reason is that in the deriva- 
tion of the pitching -moment curves for these airplanes from flight data 
a constant control effectiveness was assumed. Actually, the elevator * 

effectiveness for the F-86A airplane increased at the higher angles of 
attack (due to a decrease in Mach number) so that the actual unstable 
break In the pitching -moment curve Is slightly less than that shown in * 

figure 3 . The effect on the computed dynamic behavior of the F- 86 A in 
the pitch -up region Is believed negligible, however. 

The computed response quantities of primary interest include incre- 
mental angle of attack Ax, Incremental load factors An and An 1 f pitching 
acceleration $, and incremental maneuvering tail load ALfca*. These 
symbols and others used in this report are defined in Appendix A. 


RESULTS OF COMHJTATIONS 


Detailed results of the computations are presented in figures k 
through 9 Tor the six airplanes studied which _had pitch-up behaviors vary- 
ing from mild to severe. These results cover the effects of several 
important variables including recovery control rate, entry rate, and 
altitude. 


v 
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Effect of Recovery Control Rate 


Representative t ime histories of pitch-up maneuvers at 35 >000 feet 
for an entry rate of about 0.5g per second are presented in figure 4 shov- 
ing the relative severity of airplane motions during pitch -up for the 
six airplanes considered. (The vertical lines in these figures ind icate 
the times at ■which the pitching-acceleration threshold was attained. ) 
Generally, as recovery control rate is increased, the angle -of -attack and 
load-factor overshoots are decreased and the peak negative pitc h ing 
accelerations (or positive mane uverin g tail-load increments ) are increased. 
This is shown more clearly in figure 5 which presents the variation with 
recovery control rate of four important variables, Az^rer, ^“over* ^’over# 
«.nd ALbi* . In general, a point of diminishing returns is reached, 
e max 

particularly for the airplanes with more powerful controls, in that further 
increase in recovery control rate results in relatively small decrem ent s 
in load factor while the tail loads continue to increase significantly. 
These results may he useful in the preliminary design stage for optimizing 
the control-surface rate so that both the overshoots and the maneuvering 
tail loads are minimized. For a given airplane an increase in recovery 
control rate has the same effect on the overshoots and tail loads as an 
Increase in control effectiveness. Therefore, these data are also useful 
for indicating whether increased control power would be useful for improv- 
ing the pitch -up behavior of an air pl an e . For example, an increase in 
control effectiveness an the F-84F airplane by substituting an all -moving 
stabilizer for the elevator would be expected to improve the pitch -up 
behavior because of the much more rapid decrease in angle -of -at ta ck and 
load-factor overshoots with recovery control rate. However, it should be 
recognized that a corresponding increase in the rate of build-up of 
maneuvering tail -load Increment with recovery control rate would also be 
expected as raw be seen in figure 8(b). Increasing the recovery control 
moment available by increasing the ww-xiTniTn down-elevator deflection would 
not reduce the overshoots on the F-84F airplane since the peak load factors 
are gener ally reached before the elevator has reached the existing limit 
down deflection (figs. 4(b) and 7C&) ) • Also, the peak tail loads would 
be Increased since the limits imposed by the existing maxi . m u m down 
deflection would be removed (figs. 5("b) and 8(b)). 


Effect of Hxtry Rate 


Figure 5 also shows that for constant recovery control rates, appre- 
ciable increases in the attitude and load-factor overshoots generally occur 
as -the magnitude of the entry rate (Gentry) into the pitch -up region is 
increased from 0.2 to l.Og per second. Relatively small effects on the 
maneuvering tail loads are shown. 
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Figure 6 presents idle variation with entry rate of the peak positive 
pitching acceleration attained in these pitch -up maneuvers. In all cases, 
an Increase in entry rate results in an increase in maximum pitching 
acceleration and, consequently, an Increase in the maximum destabilizing 
moment (iy^max) acting to increase the overshoots. 


Effects of Altitude 


For flight conditions where the pitch-up region is entered at load 
factors close to the design values, both the wing and tail loads may assume 
critical values. For cases where the pilot does not attempt to check the 
pitch -up (zero or low recovery control rate), the airplane load factor 
may exceed the design values considerably. In cases where the pilot 
abruptly attempts to check the pitch -up (high recovery control rate), he 
may succeed in preventing criti cal wing loads, but the maneuvering tail 
loads may then exceed design levels. To illustrate this, the results of 
confutations for altitudes where the pitch-up region is entered at about 
80 percent of the design load factor, that is, absolute values of 
6g(£n * 5s) for the fighter airplanes and 3g (or An = 2g) for the b amber 
airplane, are presented in figures 7 to 9- These results may be compared 
with those in figures 4 to 6, to show the effects of a decrease in alti- 
tude, 2 or of an increase in the load-factor level at which the pitch -up 
region is entered. Generally, because of the effects of increased dynamic 
pressure, the load-factor overshoots and maneuvering tail-load increments 
are considerably increased. With reference to the results shown in fig- 
ure 7* It may be seen that the design load factors were generally exceeded 
for all airplanes considered. The maximum computed absolute (Zai+l) values 
range from about 9 to lOg for the F-84F and F-86A airplanes to about 7g 
for the F-100 airplane. Dae maximum computed maneuvering tail -load incre- 
ments at these higher dynami c pressures either approached or exceeded the 
design values for the F-84F and F-86A airplanes. 


Effect of Wing Modification 


The effects of blunt trailing -edge ailerons on the F-86A (ref .3) are 
shown in figures 5(a) and 8(a). The effects on the lift and pitching- 
moment characteristics are shown in figure 3. As shown in figures 5(a) 
and 8(a) the blunt -aileron modification reduced the overshoots, at the 
lower recovery rates, about 20 to 40 percent, while the maneuvering tail 
loads were reduced approximately 20 to 30 percent. Note that the 

^Tf. should ~hft nntf*d fhp 1 nvm- a.1 -M tuflp vm nrvh hpluip far r.11 b/1t- 

planes studied because of differences in both the Cl, where the local 
Cjjj^ is zero, and in wing loading. 
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comparisons are provided only for an entry rate of 0.5g per second. At 
idtie highest recovery control rates, the maneuvering tail loads were 
increased slightly by the wing modification. 


CCEffiELATION WITH FILCH} OPINION 


In the preceding section, a detailed study of the pitch -up character- 
istics of six swept -wing airplanes was made to illustrate how the longi- 
tudinal dynamic behavior for airplanes with nonlinear pitching-moment 
characteristics may be predicted from wind-tunnel data. Fairly well- 
documented pilot opinion was avail able on these airplanes from flight 
experience obtained at about 35*000 feet altitude . Ibis pilot opinion 
was obtained from six MCA research pilots in the form of numerical ratings 
for the items listed in table TTT based on the pitch -up rating schedule 
in table IV. The one pilot who had flight experience in all six airplanes 
was also the Ames Aeronautical Laboratory research pilot Kith the most 
flight experience with pitch -up. It was therefore decided to base the 
correlation solely on the numerical ratings he assigned to the six air- 
planes (table V). Pilot opinion provided by the other five MCA pilots 
is shown in table VI. In the following sections we will attempt to estab- 
lish a correlation between the computed behavior of the six airplanes and 
the pilot opinion ratings in table V. 

It was apparent from discussion with the pilot that his opinion of 
how much pitch-up limits or restricts maneuverability (question V of 
table IH) represents the integration of a number of different factors, 
and the relative importance of these factors may vary depending on the 
flight environment. Following were same of the identifiable factors: 

(a) Angle -of -attack or attitude overshoot 


This factor would be expected to assume primary Importance at 
the higher altitudes where the concern of the pilot is to maintain control 
of the airplane in order to avoid a stall or spin entry. It would be 
expected that this factor would be of less direct Importance where limiting 
load factors axe reached well before the airplane stalls. 

(b) Airplane load-factor overshoot 


Hois factor is of concern under any circumstances, but assumes 
Increased importance at lower altitudes or higher dynamic pressures where 
the possibility of overstressing the airplane during pitch -up is present. 


(c) Abruptness of pitch -up 


The primary factor character! zing this aspect of the pitch -up 
appears to be the peak positive pitching acceleration Swby . Examination 
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of the computed time histories (figs. 4 and 7) Indicates that this factor 
generally occurs In the early portion of the pitch-up maneuver and is 
generally Inde pendent of the rate of corrective-control application. 

(d) Controllability 

This factor is related to pilot opinion regarding his ability 
to control the airplane during pitch -up. 

In order to arrive at a general pitch -up criterion, it would obviously 
be desirable to correlate with over-all pilot opinion a single parameter, 
synthesized from the computed data, which completely integrates all of 
the above factors. Since this did not appear practicable, it was decided 
to deter min e whether a useful criterion might emerge simply from an exami- 
nation of several of the above factors in turn. It will be noted in 
table III that pilot opinion was obtained on a number of different factors 
incl uding several of those listed above. For example, the pilots have 
indicated that the attitude overshoot (item (a) above) is related to their 
ratings of item II (A) in table HE. Also, the load factor overshoots are 
directly related to item IV of table III and, according to the pilots, 
the peak positive pitching acceleration is related to pilot opinion of 
the abruptness of pitch-up. Although the results are not shown, it should 
be noted that there is a significant correlation between the ratings of 
items II (A) and IV and the computed values, at low recovery control rates, 
of Aiover and Anover, respectively. However, it was desired to determine 
the extent to which these computed factors influence over-all pilot 
opinion, so the following discussion is concerned ma i n ly with correlation 
of the computed overshoots and controllability factors with an over-all 
pitch -up rating by the pilot based on item V of table HI. 


Overshoots 


It seems reasonable to assume that the overshoot in angle of attack 
and airplane normal load factor are the two most important factors influ- 
encing over -all pilot opinion, since they are a direct measure of airplane 
behavior during pitch -up. To illustrate this, figure 10 was prepared to 
show a general relationship between the computed airplane angle -of -attack 
nwH normal -acceleration-factor overshoots and the pilot’s general pitch -up 
rating, based on question V of table III. The computed data are for an 
altitude of 35,000 feet and for an entry rate of 0.5g per second, since 
these were the flight conditions at which pilot opinion was formed during 
research flights on these airplanes. These six airplanes fall into three 
groups according to act ual flight experience^ and figure 10 Indi cates that 
the overshoots place them In roughly the same order; that Is, 

(a) The F-86A and F-84F airplanes which have an over -all pilot rating 
of unsatisfactory. 
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* (b) The YP-86D and F-86F airplanes, which, are rated as unsatisfactory 
hut acceptable. 

* (c) The F-100A and B-Vf airplanes, which are rated as marginally 
satisfactory. 

It will he noted that though the attitude overshoots for the F-100 air- 
plane lie in the unsatisfactory-hut -acceptable group, the pilot rated the 
airplane as marginally satisfactory. Presumably this may be attributable 
to the lower airplane load-factor overshoots at the lower recovery control 
rates (fig. 10(b)). 

In connection with the results in figure 10, a question arises as 
to whether the pilot actually forms his opinion over a limit ed range of 
recovery control rates. In an att em p t to resolve this question, figure 11 
was prepared to present a correlation of the computed attitude and load- 
factor overshoots for various stick-recovery rates 3 with over -all, pilot 
opinion. The stick-recovery rates selected were 0° per second, 10° per 
second, 20° per second, and the maxi, mum available for each airplane. 
Although no definite quantitative resolution of the above question results, 
it does appear that the pilot frams his opinion of pitch-up behavior pri- 
marily on the basis of overshoots associated with low to moderate recovery 
rates (cPto 20° per second) rather than those for the ma-rlmum rates he 
could apply. 

The correlation shown in figures 10 and 11 tends to confirm the 
assumption that the angle -of -attack and load-factor overshoots are domi- 
V nating factors influencing a pilot’s over -all pitch -up rating. By compar- 

ing the critical computed overshoots with the corresponding computations 
shown in figure 10, a qualitative assessment may be made of the probable 
severity of pitch-up on a new airplane configuration prior to actual flight 
experience. 


Controllability Factor 

In the preceding section a significant correlation was established 
between over-all pilot opinion of pitch-up and the computed overshoots 
for several reference airplanes for which pilot opinion was well docu- 
mented. In the present section, the control! .ability aspect of the pitch- 
up is examined for two reasons. For cases where the exact overshoots and 
tail loads are not required and where it Is desired to examine rapidly 
the effects of a number of aerodynamic modifications with a minimum number 
of computer runs and a minimum amount of analysis, a pitch -up criterion 




3 It was desired to compare the overshoots for fixed stick -recovery 
« rates rather than control -surface rates, since the pilot Is probably more 

directly influenced by the airplane’s response to the former. 
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it will be shown that the overshoots and controllability of pitch-up may 
be ro ughly estimated from wind-tunnel data without performing the actual 
simulator studies. 

From considerations presented in Appendix B, an attitude control- 
lability factor was derived which may be given by the relationship 


Restoring moments 
Upsetting moments 

To obtain a controllability factor related to the pilot 1 s ability to con- 
trol airplane load factor, the above relationship is simply multiplied 
by W/Zq,' . These factors were computed for the six reference airplanes 
and are plotted in figures 12 and 13 against over -all pilot opinion. The 
values of 6 mmc used were taken from computed time histories at an alti- 
tude of 35,000 feet and for an entry rate of 0.5g per second. Values of 
tick were related to Mg through the stick gearing G. 4 She corre- 
lation shown in figures 12 and 13 is fairly good, indicating that values 
of controllability factor may be related to over -all pilot opinion of 
pitch -up. The linear correlation shown in the semilog plot in figure 13 
indicates that the pilot is more sensitive to changes in controllability 
factor at low values than he is to changes in high values. This is 
apparently traceable to the greater variation of overshoot with control- 
lability factor at the lower values of (C.F. ^ and (C.F.)^q. (See 
fig. 14.) 

In the early design stage where some of the detailed data necessary 
for a complete simulator study are lacking, or where it may be desired to 
examine rapidly the effects of a number of aerodynamic modifications with- 
out performing the actual simulator studies , a method is outlined in 
Appendix C for estimating approximate values of controllability factor 
and overshoot. 


(C-F-W 


^ stick 
ly^inax 


Additional Considerations 


Effect of load-factor level . - An important reservation should be 
stressed in connection with the use of the correlation plots in figures 12 
and 13, as well as figures 10 and 11. All flight experience from which 
pilot’s opinion was derived was obtained at relatively high altitude where 
the load factors experienced during pitch -up were moderate. It would 
appear. In the first place, that at higher dynamic pressures, where the 

possibility of overstressing the airplane is present, the airplane 

4in several cases where the gearing varied with. surface deflection, 
the value corresponding to the surface deflection at the time recovery 
control was initiated was used. 
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load-factor overshoot will assume Increased Importance. Furthermore, 
the pitch -up should probably then be assessed more from a loads standpoint 
than from a pilot -opinion standpoint. This aspect of the pltch-up problem 
was touched upon in the first section of this report and is discussed In 
some detail In reference 2. 

Effect of other modes of motion .- Another Important consideration 
is that the correlation with pilot opinion presented herein is based only 
on the longitudinal dynamic behavior In the pitch-up region. For the six 
airplanes considered In the present study, this mode of motion was the 
predominating one for the flight conditions selected for analy sis; that is, 
other modes of motion such as roll-off, directional divergence or spin 
entry were not sufficiently noticeable In the flight tests to influence 
pilot opinion. A quantitative assessment of these effects on pilot opinion 
is beyond the scope of this report. However, some information relating 
pilot opinion of roll-off at low speeds to variations in rolling-moment 
coefficient is presented in reference 


CONCLUDING REMARKS 


From the results of an analytical study of the pitch-up behavior of 
six swept -wing airplanes and, a correlation of these results with pilot 
opinion, the following concluding remarks were drawn. 

1. Analytical techniques have been developed to study the factors 
affecting the important airplane response quantities in pitch -up maneuvers . 
These response quantities include: 

(a) Angle -of -attack overshoot. 

(b) Airplane load-factor overshoot. 

(c) Maneuvering tail -load increment. 

2. For flight conditions where the pitch-up region is entered at 
relatively low load-factor levels of the order of 35 bo 55 percent of the 
design value, a significant degree of correlation was established between 
the magnitude of the computed angle -of -attack and load-factor overshoots 
and pilot opinion for six airplanes with pitch -up behavior ranging from 
mild to severe. 

3. For flight conditions where the pitch -up region is entered close 
to the design load factor, a method is described for estimating the range 
of airplane load factors and maneuvering tail loads likely to be experi- 
enced in pitch -up maneuvers. The method assumes a realistic evaluation 
maneuver which partially integrates airplane and pilot response. 
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4. Some of the detailed results of the present study are: 

(a) Generally, the effect of Increasing recovery control rate 
was to reduce the overshoots significantly, particularly for low to moder- 
ate rates, and to increase the maneuvering tail -load increments. At the 
higher recovery control rates, further increase in control rate resulted 
in relatively small decrements in load factor while the tail loads 
continued to "build up appreciably. 

(b) Increasing the entry rate into the pitch-up region from 0.2 
to l.Og per second resulted in an appreciable increase in the attitude 
and load-factor overshoots, while relatively small effects were observed 
on the m aneuvering tail -load increments. 

(c) At altitudes where the pitch -up region is entered at an 
absolute value of load factor about 6g, the design load factors were 
generally exceeded for most of the airplanes considered in this study. 

At low recovery control rates, the mH.viTnn™ absolute values ranged from 
about 9 to lOg for the F-8UF and F-86A airplanes to about 7g for the F-10QA 
air pl a n e . The maxi mum maneuvering tail -load increments either approached 
or exceeded the design values for the F-8^F and F-86 a airplanes at the 
highest recovery control rates considered. 

5. Pilot opinion for the six airplanes considered in this study 

indicated the following: .. . 

(a) None of the airplanes were rated completely satisfactory. 

(b) The B-Vf and F-100A airplanes, which were considered to have 
only a mild pitch -up tendency, had an over-all rating of marginally 
satisfactory. 

(c) The F-86F and YF -86D airplanes , which had moderate pitch -up 
tendencies but powerful longitudinal controls, were rated unsatisfactory 
but acceptable. 

(d) The F-86A and F-84F airplanes, which had severe pitch -up 
tendencies were rated as unsatisfactory. 


Ames Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Moffett Field, Calif., Apr. 4, 1957 
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APPENDIX A 


SXMBOIB 


cl 

Cl(o-) 

°Lfc 

Cm. 

Cm(ct) 

(O-F-W 

(CJ-W 

c 

g 

G 

% 

K 

U 

L 

Lb 


airplane lift coefficient. 


qF 


curve defining variation of with angle of attach 
horizontal -tall lift coefficient, 

airplane pitching -moment coefficient about airplane center 
M cg 


of gravity, 


qSc 


curve defining variation of Qm with angle of attack 

MgG 

attitude controllability factor, 

ly^max 

load factor controllability factor, (C.F.)^ 
wing mean aerodynamic chord, ft 
acceleration of gravity, 32.2 ft/sec 2 

effective control -system gearing, 

degree control-surface deflection 
degree stick deflection 

pressure altitude, ft 

airplane pitching moment of Inertia, slug-ft 2 

parameter denoting ratio of airplane damping to that of 
horizontal tall damping 

distance from airplane center of gravity to aerodynamic 
center of horizontal tail, ft 

airplane lift, lb 

horizontal -tall lift, lb 
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m 

“eg 

H 

n 

n* 

<1 

S 

St 

t 

V 

w 

a 

7 

Be 

8 S 

Bstick 

A 



maneuvering tall -load increment. 



lb 


V 

airplane mass. A, slugs 

g 

moment about airplane center of gravity, ft -lb 
airplane normal force, Z(a) + Zgb, lb 
airplane normal load factor. — 
airplane normal load factor due to a, 

w 

dynamic pressure, lb/sq. ft 
•wing area, sq. ft 
horizontal -tail area, sq. ft 
time, sec 

airplane velocity, ft/sec 
airplane weight, lb 

airplane angle of attack, degrees or radians 

flight -path angle, radians 

elevator angle, degrees or radians 

stabilizer angle, degrees or radians 

control -stick angle, degrees or radians 

increment from steady state (n = l.Og) condition when 
preceding a symbol, unless noted otherwise 

downwash angle, degrees or radians 

horizontal -tail efficiency factor, — 

a 

angle of pitch, radians 

mass density of air, slugs/cu ft 

d0 It 

horizontal -tail lift -curve slope, — — ■, per radian 

detfc 
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Pma 
C ®6 e 
^6 e 
Pm/. - 

C r 


Cmg 


“TS) 

M(a) 


% 

“Be 

M 8 S 


% 


stick 


d5e 

dCL 

dB s 

dpm 

da 


■, per radian 


per radian 


per radian 


dpm 


d6, 


per radian 


cLCm 


d8 


•s 


•, per radian 


(H) (?) 


per radian 


cLQm 


stick 38s tick 


, per radian 


(J&) (?) “““ 

curve defining the variation of airplane pitching moment 
with angle of attack 


ft-lb/radlan/sec 
Cjn^ qSC, ft-lb/radlan 

Qnig^qSc, ft-lb/radlan 

Cm- qSc, ft-lb/radlan 
“stick 

-^Wt 


• } ft-lb/radlan/sec 


Mr 


KMg^, ft-lb/radlan/sec 

magnitude of unstable break in pitching -moment curve ZsM(a) 
(See fig. 16.) 
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l 6 

Z(a) 


Za’ 

Z6e 


Z Ss 


(*) 


e 

over 


th 

max 

rec 

entry 

design 




curve defining variation of airplane normal force with angle 
of attack 

average slope of Z(a) versus a In pitch -up region 
-C^g qS, lh/radian 


-Gt qS, lb/radlan 
“s 

equivalent notation for 
equivalent notation for 



a g e 

dt e 


Subscripts 

corresponding to a specified value of pitching acceleration 

overshoot, refers to difference between peak values of Ax 
and An and values existing at time pitching-acceleration 
threshold attained 

threshold 
maximum value 

recovery phase of pitch -up maneuver 
conditions Just prior to onset of pitch -up 
design value 
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APEENDIX B 

BERIVATION OF FACTORS BELATED TO EE PILOT'S ABIT, TTY TO 
CONTROL AIRPLANE ATTITOIE AND LOAD FACTOR 


From the previous discussion and examination of the equations used 
In. the anal og simulation. It appears that the controllability of pitch -up 
will he a function of the relationship between the airplane restoring 
moments and the upsetting moments. An attitude controllability factor 
(C.F. ) . comprised of a nondimensional grouping of terms and representing 
the dominating parameters may be deduced as follows: 


(C v \ <M Restoring moments 
v. • • 'Ar, Upsetting moments 


or 


(C.F.) 


At 


Stabilizing pitching \ L , , . . 

moment foli^rf^ + M 

^unstable break, M (a)/ \ + ' 




max 


^Corrective controlX 
available to pilot,) 


stick 




stick 


) 


rec, 


y 


To simplify the above expression the first two terms in the numerator were 
neglected. A check of analog computer results Indicated that the term 

retained j^gtick^ti^rec*^] is Senerally the moBt Important factor, 

particularly at the higher recovery control rates. The expression for 
(C.F. ) / Vr is then defined as 


(C.F.)^ * 


M& stick^ 5st i ck ^rec t 


This expression can be simplified still further. Since the assump- 
tion has been made that, following the application of recovery control, 
the damping and stability moments have a relatively small effect compared 
to the control moments, an equation of motion describing the airplane 
motions reduces to 


u s ti ck ^ ® stick ) rec^ 

» = ctjnax + — 
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which is the equation t>f a straight line with intercept cxmnv and slope 

"SsticA^W (See 8ieteh -> 



From the above sketch, the time interval required by the pilot to regain 
control of a, (or approximately d) may be given approximately by the 
expression , . 




ly^xnax 

^stick^stick) 

rec 


or 


*A 


Vmx_ 

^%sti^(°stick) 


rec 


since Vmax is relatively small. An attitude controllability factor 
related inversely to the time required to reduce the max-tnimn destabilizing 
moment applied to the airplane to zero could then be given as 


(C.F . ) 


Ax 


1 

"ST 


Ms stick^ etic1 ^ 


rec 


Ey^max 
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Since pilot assessment of relative controllability on different airplanes 
is probably formed on the basis of fixed stick, recovery control rates, 
the attitude control lability factor may be simplified to the final 
definition 


(C.F. ) / y r 


^stick 

ly^max 


To obtain a control 1 ability factor related to airplane load factor, it 
is necessary to multiply (C. F- W W /V * 
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APPENDIX C 

ESTIMATION OF COITHlOIIABIIiITy FACTORS AND AIRPLANE ANGLE 
OF ATTACK AND LOAD-FACTOR OVERSHOOTS 


In figure 14, a relationship "between the computed controllability 
factors (C.F. and (C.F. ) An i and the computed angle of attack and load- 
factor overshoots is given.The results are presented for fixed stick 
recovery control rates and include data for all three entry rates con- 
sidered and for both an altitude of 35,000 feet nnfl the altitude corre- 
sponding to entry into the pitch -up region in a 6g maneuver. These data 
were taken primarily from the results in figure 15 which shows the effects 
of entry rate and altitude on the attitude and load-factor controllability 
factors. The load-factor overshoots presented include only that portion 
due to Z(a). Hie effects of ZgdJ5 sure not included. In order to esti- 
mate values of C.F. and overshoot without performing the actual simulator 
studies, it is first necessary to determine values of fi^y. Figure 1 6 
presents a variation of computed values of ^ (taken from the REAC 
studies on five of the six reference airplanes) with values estimated by 
the procedure shown in the sketch in figure 1 6 . Results are again given 
for all three entry rates considered and for altitudes of 35,000 feet 
and that corresponding to entry into the pitch-up in a 6g maneuver. These 
results suggest that fl ^y can be estimated from wind-tunnel pitching- 
moment data by the procedure indicated in the sketch in figure 1 6 . If 
Iy and M8 s -tick are values of (C.F.)^ and (C.F. ) Ayi , may then be 

computed and the angle of attack and load-factor overshoots corresponding 
to these estimated controllability factors may be determined by referring 
to the plots presented in figure 14. For cases where ^ e tick varieB 
with stick deflection, the appropriate value of Mbgtick to use is that 
corresponding to the deflection required to maneuver to point A in fig- 
ure l6. (It should also be noted that for airplanes which do not have 
constant Mg with a, this procedure does not appear to be applicable). 

Since an inspection of the computed results indicated that 0^ was 
generally attained at about the angle of attack where the local Cmo, first 
becomes zero (point A in the sketch on fig. l6), the peak angles of attack 
and load factor may be determined by adding the overshoots to the values 
at this angle of attack. 

It should be pointed out that this procedure for estimating values 
of controllability factor and overshoot assumes that 6 Wy is dependent 
only on entry rate and is invariant with recovery control rate for a given 
pitching-moment curve M(a) . Analog results for the six airplanes con- 
sidered in the present study (figs. 4 and 7) appear to Justify this 
assumption. 
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TABLE I.- HEfYSIGAL CHARACTERISTICS OF TEE SIX AIRELAHES 


Aircraft 

Xtaa ' ' — — 

| 

r-6 hr 

(alontor- 

tvwtawtl 

nryrTI guyrtrl non ) 

TF- 8 SD 

(M^h-tall 

witflgmUdi) 

i-&6r 

( 6-3 laadJng- 
eflge 

y-lOQA 

(<v 

cccflgnratlon) 

B-^7 


Wng 







total araa, aq. ft 

287.9 

325 

287.9 

302.3 

385.2 

itoe 

Span, ft.,,. 

3T.1 

33.6 

37.1 

37.1 

38.6 

116 


8.06 

10 

8.08 

8 . *8 

U_17 

12.99 

Aapeot ratio 

*-79 

3.*t 

*■79 

*.55 

3J6 

9.*3 

Xfcpor imtlo a « • • • 

0.91 

0.979 

0.51 

0.51 

0.£62 

o.te 

OreepbaoA. of 29 -perooit abort, line, deg , . . 

39-23 

to 

35.23 

35 

*9 

39 

Hog* yTT ***1 







Total ana, *q ft 

3*.99 

55.8 

53.9 

3*-9 

96.9 

268 

Span, ft 

12-79 

l*.l 

l 6.6 

12.8 

18.78 

33 

WaT .1 nui iWUiHT or alrratar daOLactloa., dag 

-33 to +19 

-27.5 to +15 

-13 to +8 

-21 to +7 

-29 to +3 

-25 to +13 

Control rb±ck to occtrol jnrrfara g— .... 

1:1 

1:1.195 

■ill 

■ 11 O .63 

*111.39 

1:1.3 

Tall langtti, borlscnbal, ft 

16.23 

19.8 

15.7 

18.25 

14.1 

*6.5 

AixpLana aalght, lb 

12, tOO 

i6,too 

14,100 

13,000 

2*,000 

113,000 

Alrplaaa aaaa, alngi ... 

385 

906 

*38 

to3 

7*5 

3,575 

AlxpUma amt of lamrtU In pit*, alng-ft® , 

17, *80 

33,300 

27,000 

18,200 

56,100 

l,Wo,000 


223 

21.3 

21.5 

25.9 

30 

25 


■for thaw ~~~~ rim tha antral g— tktImI nltti rtiak drflrotlcp, Htc Twin— gtron am ajaroadnataljr tiio** far tho rtlck OafLaafcLen Juat 
prior to arp1tnatJ.ee. of f o amrt . (raoorary) daflactiana. 














n.- AmomsAMic 


t 


* 


CABLE 


csARAOraaiiscia 



\ Airplane 

Characteristic^ 

F- 86 A 

(uimiodlfled 
and "blunt 
trailing -edge 
aileron 
configuration) 

F-84F 

( elevator - 
ooirtrol 
conflguratlcii) 

fF- 8 6 d 
(M gb-tail 
configuration) 

CW(a-) 

Figure 3 

Figure 3 

Figure 3 


Figure 3 

Figure 3 

Figure 3 

■*8 

0.246 

0.273 

1.09 

% 

0.109 

0.138 

0.560 


4.69 

7.84 

6.15 


0.83 

3.44 

1.08 


oar 




USE SIX 


F- 86 F 

( 6-3 leading- 
edge 

configuration) 

F-10QA 

("D" 

configuration) 

B-47 

Figure 3 

Figure 3 

Figure 3 

Figure 3 

Figure 3 

Figure 3 

0.891 

0.686 

1 .0fi 

0.4l4 

0.546 

0.832 

4.05 

5.29 

22.5 

0.714 

1.91 

5.64 
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TABLE III, - QUESTIONNAIRE FOR PILOT PITCH -UP RATING 


I Is pitch -up region useful at all for maneuvering? Yes or No. 

II Consider the following situations: 

A. If you are tracking a target airplane and enter the pitch -up 
region, what is your assigned rating of your ability to 
return to or remain on the correct flight path to continue 
the tracking? 

B. If you have entered the pitch -up region during a gunnery run, 
what rating would you give the airplane as a gun platform in 
the pitch-up region? 

C. If rating for A and B is poor, is reason other than insuffi- 
cient or Inadequate controllability? 

D. How would you rate this airplane with regard to the tendency 
for a pilot to apply rapid and perhaps excessive control 
during pitch-up recoveries? 

III Rate the pitch -up according to abruptness. (What is response 
quantity which you feel is related to the abruptness of pitch-up? ) 

IV Rate the pitch -up according to overshoot load factor. (What is 
your definition of overshoot load factor?) 

V What rating do you assign the airplane with regard to how much 
pitch-up restricts or limits maneuverability of the airplane? 
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TABLE IV.- PILOT RATBSG SCHEDULE FOR PITCH-UP 


0 Satisfactory - Satisfies stability and control requirements. 

Marginally Satisfactory - Pitch -up barely perceptible. Does 

not appreciably diminish usefulness of the 
airplane in performing a desired task. 
Abruptness of airplane response and over- 
shoot in attitude or load factor during 
pitch -up not much increased over comparable 
satisfactory airplane. Little tendency for 
the pilot to apply rapid and excessive 
corrective control. 


Unsatisfactory but Acceptable - Pitch -up is more apparent. More 

or less difficulty experienced in performing 
the desired task. Abruptness of airplane 
motion and overshoot in attitude or load 
factor during pitch-up considerably increased 
over that for marginally satisfactory air- 
plane. There may be some tendency for the 
pilot to apply rapid and perhaps excessive 
corrective control. 

Unsatisfactory - Pitch-up severe ranging from controllable 

only with the greatest difficulty to practi- 
cally uncontrollable. Abruptness of airplane 
motions during pitch -up approaching degree 
where pilot feels he has little or no control 
over the overshoots in attitude or load factor, 
which are relatively large. Increased tendency 
for the pilot to apply rapid and excessive 
corrective control. 


Unacceptable - Pitch-up so severe that airplane is uncon- 

9 trollable. The abruptness of the airplane 

10 motions and the magnitude of the overshoots 

are so extreme, even at high altitude, that 
the pilot would not consider approaching the 
pitch-up boundary because of concern for the 
structural integrity of the airplane. Some 
possibility of entering into a spin or other 
unusual, maneuver from which recovery may be 
difficult or impossible. 
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Figure 2.- Time history of standard pitch -up maneuver as applied, to the 
F-84F airplane, at 0.90 Mach number and 35,000 feet. 
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Figure 



(a) F-86A; AUpn-h-ry 3 1*5S 

4.- Computed time histories of pitch -up maneuvers at 35,000 feet; 
Gentry = 0,5g/second; a^try * 35- to 55 -percent resign. 
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Figure 4.- Continued. 
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(c) YF-86D; Anentry - 1.9s 
Figure *(•. - Continued . 
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Figure 4.- Continued. 


35 



36 


-20 

-10 

AS s , deg 

0 

20 

Aa, deg 10 
0 
8 
6 
4 

An, g 

2 

O 

0 

• ■ 

Q , radians/sec 2 

-2 

-4 


( 


MCA. RM A57D04 

AS e> deg 


A a, deg 


An, g 


9 , radians/sec 2 




Time, sec 


(f) B-47j Gentry = 0.7g 
Figure 4.- Concluded. 
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Figure 5.- Variation of the computed overshoots In angle of attack and load factor and of the 
aBneuverlng tail-load increment with recovery control rate at 35*000 feet for several entry 
rates; n^ntry « 35- to 55-percent n&esign- 
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Figure 5.- Continued, 
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Figure 6.- Computed effect of entry rate on the peak positive pitching 
acceleration at 3 5 >000 feet; nentry * 35- to 55-percent naeeign* 
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Cb) F-84F; Aa^try = 5.0g; lip = 18,800 feet 
Figure 7. - Continued. 
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Figure 7.- Continued. 
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Figure 7.- Concluded. 
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Figure 8.- Variation of the computed overshoots In angle -of -attack and load factor and of the 
mneuvering tail-load increment with recovery-control rate at high load factors for several 
entry rates; n^jitry * 80-percent ndeeign. 
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Figure 9.- Computed effect of entry- rate on the peak positive pitching 
acceleration at high load factors; rtentry ~ 80-percent ndesign* 



Recovery control rate, S rec , deg/sec 


(a) Angle -of -at tack overshoot. 

Figure 10. - Corr e lation of the computed overshoots with over -all pilot 
opinion of the pitch -up characteristics for the six airplanes 
studied; M » 0.90; h p « 35,000 feet; nentry - 0.5g/second. 
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Cb) Airplane load-factor overshoot. 
Figure 10.- Concluded. 
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Figure 11.- Correlation of the computed, overshoots in angle of attack and load factor vith the 
pilot's over-all pitch-up ratings for several airplanes; hp - 33,000 feet; herrtxv " 0.3g/secand 
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Figure 12.- Correlation of the computed attitude and load-factor contr ollab ility factors with 
the pilot's over-all rating of the pitch -up characteristics for several airplanes; 
hp ■ 35 j 000 feet; Aenfcry « 0.5g/seoond, 
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Figure 13.- Corr ela tion of log of the computed, controllability factors 
with pilot's over-all flight-test ratings of pitch -up for several 
airplanes; hp = 35*000 feet; nentry » 0.5g/seconcL. 
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Figure 14.- Variation of the overshoot In angle of attack and in load 
factor due to angle of attack with the controllability factors (C.F. ). 
and (C.F. ) f , respectively, for several stick -recovery rates. 
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(a) Effect on attitude controllability factor. 

Figure 15. - Effect of entry rate and altitude on the computed cautrol.1abn.ity factors 
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Figure 16. - Variation of computed peak positive pitching acceleration in 
pitch -up maneuvers with values estimated directly from the variation 
of pitching moment with angle of attack of several airplanes. 
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